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A pressure-induced phase transition, associated with formation of the cation-cation bonding, is
observed in V2O3 by combining synchrotron x-ray diffraction in a diamond anvil cell and ab initio
evolutionary calculations. The high pressure phase has a monoclinic structure with C2/c space
group and is both energetically and dynamically stable at pressures above 47 GPa to at least
105 GPa. This phase transition can be viewed as a two-dimensional Peierls-like distortion, where
the cation-cation dimer chains are connected along the c-axis of the monoclinic cell. This finding
provides insights into the interplay of electron correlation and lattice distortion in V2O3, and it may
also help understand novel properties of other early transition-metal oxides.
PACS numbers: 81.40.Vw, 62.50.-p, 61.50.Ks, 64.70.K-
I. INTRODUCTION
Properties of early transition metal (Ti, V, Cr) ox-
ides are strongly influenced by two well-known competing
mechanisms. One is the strong electron-electron correla-
tion (Mott-Hubbard) mediated by a weak cation-cation
interaction, with the other being the cation-cation bond-
ing (Peierls distortion) through strong cation interac-
tions when these cations locate in edge- or face-sharing
octahedra.1–4 The cooperation and competition of these
two effects are sensitive to conditions such as doping,
temperature and pressure.5–15 Understanding the roles
of each condition parameter and the mechanisms govern-
ing the rich and interesting properties is of fundamen-
tal significance. Pressure as an external parameter can
suppress the strong electron-electron correlation effect by
broadening the bandwidth,16,17 and may activate or en-
hance dimerization by reducing atomic distances.18,19 In-
deed, the dimerization between two cations has been ob-
served in TiOCl and MnS2 under high pressures.
3,4,20
Vanadium sesquioxide (V2O3) is the only transition-
metal sesquioxide that displays metallic nature at ambi-
ent condition among others (e.g., Cr2O3, Fe2O3, Ti2O3,
etc), and is often referred as a typical Mott-Hubbard ma-
terial, where electron-electron correlation plays an impor-
tant role.5,21,22 It crystallizes in the hexagonal corundum-
type structure, with V-ions (V3+, 3d2) occupying in face-
sharing octahedra along the c-axis and edge-sharing oc-
tahedra in the basal plane. At ambient condition, V2O3
is a paramagnetic metal. Upon cooling down to 150 K,
V2O3 undergoes a first-order metal-insulator transition
(MIT) accompanied by a monoclinic structural distortion
and a transition to antiferromagnetic phase due to strong
electron-electron correlation.23–27 On the other hand, the
dimerization was proposed in V2O3 based on the Heisen-
berg model decades ago,28 where pairwise bonding and
antiferromagnetism were viewed as two possibilities on
the basal honeycomb plane of V2O3. Recently dimeriza-
tion between V-ions has been observed in the basal plane
of single crystal (0001) thin films.29
By applying pressure, the MIT in V2O3 was found to
be gradually diminished and eventually disappear at 2.6
GPa.5 Recently a new high pressure phase of V2O3 has
been reported by several groups. Ovsyannikov et al.30
proposed an orthorhombic Rh2O3(II) structure for the
high pressure phase. Zhang et al.31 reported a mono-
clinic distortion above 31 GPa. Ding et al.32 suggested
that this high pressure monoclinic phase is similar to
the low-temperature monoclinic phase. In this letter,
we report results from synchrotron x-ray powder diffrac-
tion experiments and ab initio swarm intelligence calcula-
tions. These results lead to the determination of a high-
pressure phase of V2O3 that contains zigzag chains of
vanadium dimers, and is different from the structure at
low temperature. This structural characterization pro-
vides insights into understanding the interplay of elec-
tron correlation and lattice distortion in V2O3, and it
may also help understand novel properties of other early
transition-metal oxides in general.
II. EXPERIMENTAL DETAILS
High purity V2O3 sample (see synthesis details in
33)
was loaded into a 100 µm hole of 35 µm thick pre-
indented rhenium gasket. Pressure was generated by a
symmetric diamond anvil cell (DAC) with a diamond
culet diameter of 300 µm. The pressure was deter-
mined by the ruby fluorescence method.34 Helium and
neon were used as pressure-transmitting media, and
samples were loaded at room temperature by using a
high-pressure gas-loading system.35 Angle-dispersive x-
ray diffraction (XRD) data were collected at beam-lines
of 16-ID-B and 16-BM-D of the High Pressure Collab-
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FIG. 1. (Color online)Pressure evolution of diffraction pro-
file in a helium medium. Left insert, compression of the V-O
bonds up to 13 GPa. The standard deviations of bond lengths
and c/a are less than the size of symbols. Right insert, pres-
sure evolution of the axial ratio.
orative Access Team (HPCAT) at the Advance Pho-
ton Source, Argonne National Laboratory. The x-ray
beam size was about 5(v)×7(h) µm2 at FWHM, with
a wavelength of 0.4066 A˚.36 Diffraction patterns were
recorded using MAR-CCD or Pilatus detectors with ex-
posure times between 10 and 60 s. The structural re-
finements were performed using the Rietveld refinement
program FULLPROF37 and GSAS38.
III. RESULTS AND DISCUSSIONS
In the first experimental run up to 18.9 GPa, helium
was used as the pressure transmitting medium provid-
ing a hydrostatic condition up to 20 GPa39 and quasi-
hydrostatic condition at higher pressures. No phase tran-
sition is observed up to 18.9 GPa as shown in Fig. 1.
Below 13.1 GPa the quality of diffraction patterns is well
suited for Rietveld refinements, yielding the lattice pa-
rameters and atomic positions. At pressures above 13.1
GPa, determining atomic positions becomes difficult; and
only lattice parameters are extracted from the diffrac-
tion patterns. Fitting the pressure dependence of the
volume below 18.9 GPa to the Birch-Murnaghan equa-
tion gives a bulk modulus B=197(1) GPa, in general
agreement with previous reports.40–42 The compression is
anisotropic with the c/a ratio increasing with increasing
pressure, which is unique for V2O3 among the isotruc-
tural sesquioxides, but is consistent with the results of
previous studies.32,41–43
In this phase of V2O3 at low pressures, the V-ions in
the corundum structure locate in VO6 octahedra with
a small trigonal distortion which causes the splitting of
the t2g-shell into a1g orbital oriented along the c-axis
and two degenerated eg-orbitals on the ab-plane. This
trigonal distortion splits the six V-O distances into two
distinct groups. As shown in Fig. 1, the difference be-
tween these two groups decreases sharply with increas-
FIG. 2. (Color online) X-ray diffraction patterns of V2O3
as a function of pressure at room temperature (left panel -
compression, right panel - decompression).
ing pressure, which means that the V3+ ion moves closer
to the center of the VO6 octahedra, thereby reducing
trigonal distortion with increasing pressure. The reduc-
tion of the trigonal distortion will reduce the splitting of
the eg and a1g orbitals and hence increase the hybridiza-
tion between them, thus weakening the electron correla-
tion energy (U). Furthermore, the bandwidth (W ) will
be broadened with increasing pressure associated with
reduced interatomic distances. Therefore, the effective
correlation effect (U/W ) will be largely reduced by pres-
sure, consistent with the progressively diminishing MIT
observed under pressure.5
In the second run, we used neon as pressure-
transmitting medium for experiments at higher pressures
and observed a new high-pressure phase, as shown in Fig.
2. Typical x-ray diffraction image of the high pressure
phase is shown in Fig. S1. The phase transition is rather
sluggish, spanning a pressure range from 30.4 GPa to 50.3
GPa. Upon pressure release from 56.5 GPa, a hysteresis
of 10 GPa is observed. As shown in Fig. 2, the diffraction
lines of the new phase are relatively broad due to possi-
ble uniaxial stress in the pressure range even with neon
medium.39 We attempted to use the laser-heating tech-
nique to anneal the samples. However, for laser heated
samples at temperatures below 1200 K, no clear change
was found in diffraction peak width. At temperatures
above 1200 K, the V2O3 sample transformed into a new
high temperature phase.
The diffraction pattern at 50.3 GPa can be indexed
into a monolicnic cell. The overall quality of the diffrac-
tion pattern is not sufficient to solve the atomic posi-
tions. To refine the structure of this new phase, we
used a monoclnic cell (space group I2/a, No. 15) sim-
ilar to the low-temperature phase of V2O3 as an initial
model for Rietveld refinements. The refinement proce-
dures were performed by using FULLPROF and GSAS.
It is found that Rietveld results display uncertainties,
with the atomic positions of vanadium and oxygen vary-
ing with the choices of software packages or the refine-
ment procedures (see Note-1 Supplemental Materials44),
possibly due to the preferred orientation caused by tex-
3FIG. 3. (Color online)(a) Comparison of theoretical and
experimental X-ray powder diffraction patterns of the high
pressure phase V2O3. (b) The V-V bond structure in high
pressure monoclinic V2O3. The teal and red balls represent
the vanadium and oxygen atoms, respectively. (c) The pres-
sure evolution in the relative enthalpies of high pressure and
low temperature monoclinic structures from static calcula-
tions. The dashed line indicates zero enthalpy difference. (d)
Phonon dispersion curves for the high pressure monoclinic
structure at 50 GPa.
tures under uniaxial stress and peak broadening effect
caused by microscopic deviatoric stress field. Because
the Rietveld refinement alone cannot unambigeously de-
termine the structure of the new phase, we performed
variable-cell structure prediction simulations using the
CALYPSO45–48 methodology containing one, two and
four formula units (f.u.) in the pressure range of 40-100
GPa. Analysis of the predicted and experimental x-ray
diffraction patterns (see Fig. S2 in44) reveals an intrigu-
ing monoclinic structure with 2 f.u. (10 atoms/cell) per
unit cell and a space group of C2/c (another setting of
space group 15) with the V-ions located on the sites 8f
(x, y, z) sites, the O-anions on the 8f (x, y, z) and 4e (0,
y, 0.75). Results in Fig. 3(a) show that simulated XRD
pattern, considering the preferred orientation effect, of
the predicted high-pressure V2O3 is in good agreement
with the experimental XRD pattern (see Note-2 in Sup-
plemental Materials44). The small difference in intensity
could be due to the preferred orientation arising from
uniaxial stress. Although our theoretical simulations and
Rietveld refinements give slightly different atomic posi-
tions (see Table S2 in44), we note that both results lead
to a framework of a monoclinic structure (Fig. 3(b) and
Table S3 in44 ) that contains two shortest V-V distances,
namely the V1-V2 pairs in the basal plane with edge-
sharing octahedra and the V1-V3 pairs along the c-axis
with face-sharing octahedra. In this way, vanadium pairs
are connected in a zig-zag pattern forming V-V dimer
chains running along the c-axis of the monoclinic cell.
To account for the energetic and dynamic stability
of this new monoclinic structure, we performed calcula-
FIG. 4. (Color online) (a)Each vanadium atom in V2O3 has
three nearest neighbors with three bond lengths (R1, R2 and
R3), with blue spheres representing the vanadium atom. The
puckered honeycomb lattices in the basal plane for (b) the
room temperature phase with R1=R2=R3, (c) the low tem-
perature phase with R2>R1≈R3 below 150K, and (d) the
high pressure phase with R3<R2<R1 above 47 GPa.For sim-
plicity, oxygen atoms are not shown.
tions with the PBE-GGA potential as implemented in the
VASP code.49 The electron-ion interaction was described
by means of a projector augmented wave with 3p63d44s1
and 2s22p4 electrons as valence for V and O atoms, re-
spectively. We used an energy cutoff of 1000 eV for all
cases, a Monkhorst-Pack k-point meshes with a grid of
6×6×6 for Brillouin zone sampling for the stuctural op-
timization and a denser 13×13×13 mesh for the elec-
tronic calculations. The lattice parameters and atomic
positions of the low temperature (LT), room tempera-
ture (RT) and high pressure (HP) phases were optimized
to minimize the forces in the pressure range of 0-100
GPa. Fig. 3(c) shows the relative enthalpies of these
phases, and in the entire pressure range the trigonal RT
and monoclinic LT structure are very close in enthalpy
because they differ by only a small distortion. The new
HP phase is energetically favorable at pressures higher
than 47 GPa, which is in agreement with our experimen-
tal results. We also calculated phonon dispersion curves
at 50 GPa using the supercell (2×2×2) method. Fig.
3(d) shows no imaginary frequency in the entire Brillouin
zone, indicating that HP phase is dynamically stable.
The HP monoclinic phase is similar to the LT mon-
oclinic phase in that they both display the same space
group and Wyckoff positions. In fact, the stacking pat-
terns of VO6 octahedra, i.e. edge-sharing with three oth-
ers in the basal plane and face-sharing along the c-axis,
are identical for the RT, HP and LT phases. The main
structural difference lies in the degree of the distortion
which can be viewed by the bonding formation in the
basal plane in a pseudo triangular lattice. As shown in
Fig. 4, within the basal plane of the corundum structure,
the cations are packed into the two-dimensional lattice of
4FIG. 5. (Color online) The partial charge densities and den-
sity of states (DOS) of high pressure phase V2O3 at 50 GPa.
The isosurfaces of the partial charge densities in the HP phase
V2O3 are shown for (a) the energy range of -2.8 to -0.7 eV
at the isosurface level of 0.03 e/A˚3, (b) the energy range of
-0.7 to 0 eV at the isosurface level of 0.007 e/A˚3. Only the V
atom are shown (blue spheres). For simplicity, oxygen atoms
are not shown. (c) The total DOS of the HP phase V2O3 at
50 GPa. α, β and α*, β* represent bonding and antibonding
orbitals.
the honeycomb structure. The basal plane has three-fold
rotation symmetry in the RT phase with the three V-V
bonds having the same length. The LT phase displays a
modest distortion caused by a Jahn-Teller-like lattice in-
stability through the electron-lattice coupling, with one
of three bonds slightly elongated and the other two bonds
slightly contracted (Fig. 4(c)). In contrast, the HP phase
has a strong distortion with one of three bonds contracted
and the other two elongated (Fig. 4(d)). As discussed
above, the compression effect in V2O3 is first reflected by
a decrease in the trigonal distortion, reducing the effec-
tive correlation effect (U/W ) and progressively diminish-
ing the MIT. At higher pressures, the large reduction of
the V-V distances via a phase transition eventually leads
to the formation of the V-V dimer chains. These dimers
are periodically distributed in the basal plane and con-
nected along the c-axis of the monoclinic cell. The above
discussion can also be understood in the model proposed
by Nebenzahl based on the Heisenberg model,28 where
a competition mechanism between antiferromagnetism
against V-V bonding was proposed for V2O3. We cal-
culated the electronic density of states (DOS) for the
HP phase (see Note-3 in Supplemental Materials44), and
defined the orbitals α (-2.8 eV to -0.7 eV) and β (-0.7
eV to 0 eV) from the partial charge density distribu-
tions as shown in Figs. 5(a) and 5(b). The two α and β
states can be interpreted as bonding in the hexagonal a-b
plane (edge-sharing) and along the c-axis (face-sharing),
respectively. Two sets of bonding-antibonding orbitals
(α and α*; β and β*) are clearly visible. The bonding
states are separated in the valence band, while the an-
tibonding states are hybridized in the conduction band.
The DOS at the Fermi level (Df ) is only contributed
by the electrons along the c-axis. The partial DOS also
shows similar results (see Fig. S5 in44), indicating that
electrons forming the face-sharing V-V bonding along the
c-axis are itinerant, while those in the edge-sharing V-
V bonding in the a-b plane are pinned below the Fermi
level. It should be noted that the Df in the HP phase
is lower than in the corundum phase (see Fig. S6 in44),
which could result in a reduction of the electrical con-
ductivity in the HP phase. This is consistent with the
recent report by Ding et al.,32 where an increase in resis-
tance was observed at high pressures. Recently, Guo et
al. showed that certain hybrid functionals can describe
very well the ambient phases of V2O3.
50,51 For compari-
son, we also performed band structure calculations using
GGA, GGA+U, and HSE functionals, which produced
similar results (see Fig. S7 in44).
IV. CONCLUSIONS
In summary, we have performed a combined experi-
mental and theoretical study to understand the inter-
play between electron correlations and Peierls distor-
tions in V2O3 under high pressure. While the metal-
insulator transition of V2O3 at low temperature (150
K) may be largely related to strong electron correla-
tion interactions and orbital ordering, the compression
causes band broadening and reducing trigonal distortion
that suppresses the correlation effect and orbital order-
ing. At higher pressures, a phase transition is observed,
with the high pressure phase characterized by the forma-
tion of the V-V dimers that can be viewed as a two-
dimensional Peierls-like distortion. The high-pressure
monoclinic V2O3 structure identified here has not been
seen in any other transition-metal sesquioxides. This
finding provides important insights for understanding the
interplay between electron correlations and Peierls distor-
tions, and may also help explore other early transition-
metal oxides, such as Cr2O3.
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